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Studies of the diffraction at HERA stimulated derivation of new QCD factorization theorems. In
difference from derivation in the inclusive case which used closure, main ingredient is color

transparency property of QCD

Exclusive processes
v+ N —-~+N (baryonic System) D.Muller 94 et al, Radyushkin 96, Ji 96, Collins &Freund 98

7w+ T(A,N)— jet; + jeto + T(A, N) Frankfurt, Miller, MS 93 & 03

;. + N — "meson” (mesons) + N (baryonic system )Brodsky,Frankfurt, Gunion,Mueller, MS
94- vector mesons, small x

Provide new effective tools for StUd)’ Collins, Frankfurt, MS 97 - general case

of the 3D hadron structure, high
energy color transparency and
opacity and chiral dynamics

Fragmentation processes including diffraction
Proof in QCD - Collins 98




Diffractive phenomena - inclusive diffraction and measurement of
diffractive pdf’s

Collins factorization theorem: consider hard processes like
Y+ T - X +T(T), v*+T — jet1 + jeto +X +T(T")

one can define conditional (fracture - Trentadue &Veneziano) parton distributions

y X (M,)

O—m *Tr — Il —xp
(

Theorem: for fixed X, I universal fracture pdf + the evolution is
the same as for normal pdf’s

Theorem violated in dipbole model of diffraction in several ways
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Physics of factorization theorem: Soft interactions between “/i” and the
partons emitted in the " — parton interaction does not resolve changes of
color distribution between the scale () > soft scale and QO > (g

. o
{. Tiﬁ I bqg < _l
Qﬂ
Soft
_ mnteraction
h

Q, —= 0

— Production of “/” when a parton at =, () is hit is the same as when an
"ancestor” parton is hit at 2. ()7

Additional assumption to reduce number of free parameters in the fits -
soft Regge factorization:

X

ij(—’QQ’:EP’t) — fP/p(ajP?t)(f]/lP(ﬁv QQ) =+ fR/p(xﬂat)(f]/lR(ﬁa QQ)

L P
5



& Measurement of F,P(#

Very good for j=q, good for j=g for small and medium 3 from scaling violation

&= Measurement of dijet production

Very good for j=g especially for medium and large . However only large Q?

IS Diffractive charm production

Very good for j=g . Feasible for medium and large B and at moderate Q?.
However statistical accuracy is not as good.

Good consistency between HI and ZEUS



Diffractive DIS:

Inclusive DIS:

X,p = 0.01 H1 preliminary ZEUS+H1
Q°=1.5 GeV*® Q%=25 GeV? = r
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Fig. 8: Left: the diffractive structure function of the proton as a function of 3 (from [7]). Right: the structure function of the
proton as a function of xp (from [8]). The two highlighted bins show the different shapes of F3° and F» in corresponding

ranges of 3 and =5 at equal Q2.

Different scaling violation at large x/ - signal for importance of
gluons in diffraction
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Fig. 2: Comparison of the reduced cross section in inclusive diffractive DIS as a function of (left) = p for fixed 3 and

Q2 for the LRG and M x methods and (right) QQ for fixed = p and 3 for H1 and ZEUS data using the LRG method.

Different methods of measurements by H| and ZEUS agree with ~10% accuracy



D* production in Diffractive DIS

— 800, . | 8a [
o L w111 2006 DPDF Fit A »
Q. 700 s - © 006 |
- 2 _weeww H1 2006 DPDF Fit B o Q® = 35 GeV*
v : > i -
8, 600L = o H199.00 o.05- |
o soof - Xp = 0.018
g + 0.04 ® H1 Qsplaced Track Data
400 . N— T A H1D Data
*’% Y ZEUSD
300} S T 0.03- H1 2006 DPDF Fit A
- M1 2006 DPDF Fit B
2001 4 | 0.02
100 mmm— —
ol o L 0.01-
0 02 04 06 08 1
bs
Z'OP - ]’ YYYYYY T ' L 2 T . ' L2 T 0 .2
- — e H1 2006 DPDF Fit A 'f, 3 | ® ZEL;‘S‘%S;OO i
S F'I;:—l e H1 2006 DPDF Fits | @ 107 F ;‘I’LQ(D 3,
e T w: o a —_— 1°
_a 10° 1= ° H1 99-00 o ACTWIit B
— 11 : — a2 1 13<m <16 GeV
e« ‘~ 10 E
2 :
Q.
: -
5 | g 10 | =‘
¢ : o - e
l l A A A A A A A
: : 2 4 6 8 1
. 10 * .
P(D7) [ GeV ] pT(D ) (GeV)

NLO caleulations (HVQDIS) provide good description of diffractive charm data
< support QCD factorization

Armen Bunyatyan, Factorisation issues in diffraction Ringberg-08 9
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0.04 quark, Fit A seeeeees
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The quark and gluon diffractive
PDFs at Q%2 =2.5 GeV?as a

function of

z-singlet(z)

z-gluon(z)

" | — H12007 Jsts DPDF
[ =xp. uncenainty

[] exp. + theo. uncartainty

0-2 0-4 0-6 0'8 —— H12006 DPDFfitA

Z -— H12006 DPDF it B

Fig. 4: Comparison of dPDFs for the quark and gluon densities when simultaneously fitting inclusive and jet data

(bands) and when fitting inclusive only (lines).

QCD factorization for diffraction allows to determine in a model independent way
LT shadowing for nuclear pdfs - LF & MS & Guzey - Guzey’s talk later today
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Diffraction in the quark channel is pretty modest - 10- 15% - far from black regime and
o(p dependence is very close to that of soft processes - close to expectation of the

aligned jet model + QCD evo

ution - H.Abramowicz, LF & MS 95

H| Fit A:ap0)=1.118+0.008, nr=(1.7£0.4)x 107",

111 +£0.005, ngr=(1.4+0.4)x107°

_— 1'3 1 1 1 1 LI I 1 1 1 1 1 I
o -1
= | e zEUSLRGE2pb
S O ZEUS FPC |

1.25 | -
o ZEUSFPC I

A ZEUS LPS 33 pb™!

SR
+ M;%H“HH

L /Jp soft and _
_independent of Q

0.95

0.9 ] ool ] ] Lol
10 10°

Q2% (GeVd)

1/ N

Current fits to soft hadron -
hadron interactions find

xip(0)=1.09 - I.10
mDiffraction at HERA is due to

the interaction of hadron size
components of Y* not small dipoles

& (ZEUS) = —0.01 + 0.06(stat) + 0.04 — 0.08(syst)GeV F

o/p(H1) = 0.06 + 0.19 — 0.06GeV 2

Traditional soft value o/p(soft) = 0.25GeV ~?
But o/p(HERA exclusive) = 0.12GeV 2

- J
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Diffraction at HERA is governed by scattering of configurations which interact in a soft
way - but evolve via DGLAP evolution to larger Q. Contribution of small dipoles is small.

To characterize the strength of interaction we can use factorization
theorem to define probability

7 (35, Q% xp, t)dtdIP
%@@%I”(%@g§>

of diffractive gaps induced by scattering off parton j

If the interaction in the gluon sector at small x reaches strengths close to
the unitarity limit we should expect that P, is rather close to 1/2 and
much larger than £°,.
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Evidence for onset of

BDR at HERA for gluons
at Q=2 GeV

The probability of hard diffraction on the nucleon, P 4i as a function of x and Q?
for u quarks (left) and gluons (right) based on the current HERA data.

Warning - curves for x < few 104 is extrapolation of the fits.

For gluon channel B=7 GeV-? leads to impact factor [4(b=0, Q?=4 GeV?) ~ |
for x ~103 = new regime!? increase of B!

Consistent with analysis of the exclusive processes at HERA



Rogers et al 04

used information about /psi
photo production at FNAL
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Two interesting topics which | can discuss only very briefly.

Hard diffraction induced by real photon v +p — jet1 + jeta + X + p

generic jets or
containing D-mesons

important variable Xy - fraction of the photon + component carried by 2 jets

xy =1 - direct photons; xy <0.9 - resolved photons

Naive expectation - factorization should work for direct photons and cross
section should be suppressed for resolved photon.

direct resolved charm
- Ejet <7 GeV SUpPF. ~O.5\ suppr. ~0.5 factorization

- Ejet> |0 GeV factorization | suppr.~0.5

¥

puzzle, especially since for }Need 3 better@
2> few GeV?2 no suppression




Production of neutrons in DIS in the nucleon fragmentation region

Collins factorization theorem is applicable and appears to hold.

Two scenarios of neutron production suggested for small x:

Y*
® | Pion (heavier meson) exchange - starting L./b'q,b
from Sullivan 71 Measure pion pdfs ! With < F::
realistic TTINN form factors p is a must to m(p) y—""—
fit the data ,/
p > n
XF

® Fragmentation after removal of small x parton, Koepf et al 97. Matching to soft
dynamics - lack of long range correlations - neutron multiplicity for the limit
x/(1-xp) << | is the same for quark and gluon removal and similar to soft processes

@ Neutron spectra in soft and hard processes are very similar (up to

small shadowing effects for soft case)
HERA

data @ Similar for quark and gluon removal - very difficult for meson models,

predicted by fragmentation approach - another evidence for smooth
soft - hard connection.
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Few comments on “ classical” hard exclusive processes at HERA -
complementing M.Diehl & A.Sandacz talks

»"““ .....’s ,n"‘
3
Small x GPDs - ‘ .
. 5 .
link to LHC

Peripheral

. Central
pp collisions

pp collisions

Interplay of hard and soft interactions in pp collisions, rate of multiple hard collisions is determined by
the value of <p?;> as compared to much larger radius of soft interactions. Note PYTHIA assumes

<p%>=<p?;> x independent and a factor ~ 2 smaller than given by analysis of GPDs from |/
production 7



DVCS - another evidence for soft boundary condition

Analysis of L.Schoeffel, 07 of R - ratio of DVCS and diagonal amplitudes at t=0 (uncertainties ir

PDFs are canceled) ADVCS(W7 QQ, t = ())
R =
2
Av*p—w*p(Wv Q )
Predictions:
Soft boundary condition Black disk regime
R=2 and slowly increasing with Q R=1 for Q2 < Q2
Freund, Frankfurt, MS 97 Guzey etal Ol
NA 5 B ‘ ‘ ‘ ‘ L ‘ ‘ ‘ ‘ ‘ L ‘:
Sas | - DVCSZEUS T
, | *DVCSHI E
FDSO03

. FDS= Freund et al - NLO

3.5 - seaeeseaaas e ot Gad 1002 E

3 | fwd ansatz = with soft boundary condition
25 | o0 2 =

2|

1 [ ! ! I R N N ! ! ! \\\\\’2
10 10

(GeV?)

Black disk regin%



Implications for color transparency studies with nuclei

ZEUS
‘-“Enjr s Drop of the t -slope B ( )
“ 10 s is well reproduced by dipnle madels (in case of
f , -~ do
af FKS actually a pl’edICtI(E = Aexp(Bt)ago)
6 B(Q?) — By, R?(dipole)
4 B(QQ _— O) — ng R,%
2 f R?(dipole)(Q? > 3GeV?
0°0 "5 10 15 20 25 30 35 40 45 ( P )(Q2 — ) < 1/2
Q? (GeV?) Rp

Convergence of B for p-meson electroproduction to the slope of |/psi
photo(electro)production - direct proof of squeezing.

Expect significant CT effects for meson production for Q% = 3GeV?

sensitivity already at Jlab 6 &12



Theoretical argument - what is better accurate account of geometry of dipole
interactions in VM production or NLO calculation? Y - smallest dipole available.

HF = HUR
1.
N e 13 o H1 00
= e T s ZEUS 98
c 0.8
0.6
0.4
0.2

50 100 150 200 250
W[GeV]

lvanov et al (IKS)
Strong dependence of
NLO result on Pr Data
described for very small pr

s(yp—Y 'p) (nb

B ZEUS prel. (240 pbY)
0O 7ZEUS (95-97)

® Hi

1

: —— NLO((IKS)
------ MRT(CTEQ6.5M)

0.8— cevweie. MNRT

n o— © ]

: FMS -
0.6— ]

- ° T

i ne :

- / -t ]
0.4 et N
0.2— ]

06030 100 120 140 160 180 200 220
W (GeV)

New ZEUS 240 pb-! two data points

NLO calculations done by lvanov, Krasnikov,
Szymanowski (IKS)[hep-ph/0412235]

MRT - Martin, Ryskin, Teubner, based on
CTEQ6.5M gluon.

MNRT — Martin, Nockles, Ryskin, Teubner, based

on diffractive J/¥ data alone.

FMS - Frankfurt,
McDermott, Strikman 98



Novel way to use hard VM production: measuring gluon fluctuations in nucleons

MS + LF + C.Weiss, D.Treleani PRL 08

Reminder - soft inelastic diffraction at =0

) = o 1) + 02 |2 TR fimal) = Ao [1) + a2 12)) = A1
> same absorption —

o > for 71" and 2 h only elastic scattering
’h> — a1 ‘1> + a2 ‘2> absorber with Jinal) = Aar|l) +2 a; ‘2>,)
> different absorption =c1|h) + e |0
> for “1” and “2” — elastic scattering

h h+h’ +inelastic diffraction



Are there global fluctuations of the strength of interaction of a fast nucleon,
for example due to fluctuations of the size /orientation

‘)

‘N>=+ + .+
PN
[

O N Ir tr VS Ftr
O

Due to a slow space-time evolution of the fast nucleon wave function one can
treat the interaction as a superposition of interaction of configurations of
different strength - Pomeranchuk & Feinberg, Good and Walker, Pumplin

&Miettinen (in QCD this is reasonable for total cross sections and for
diffraction at very small t)

24



Convenient quantity - P(0) -probability that nucleon interacts
with cross section O

If there were no fluctuations of strength - there will be
no inelastic diffraction at t=0:

do(pp—X+p) 2
7 J (o —0tot)"P(0)do _ |
= — Wy variance
do(pp—p+p) o2
V0, Oy 150 0.4
Gtot |
= |
100 |
E 5
- 3
s |
© 50 ¢
Tevatron LHC |
_ Tevatron LHC
Both small and large configurations grow. ol 4T
: : : : 10° 10° 10 10°
Periphery remains- still there is a Vs [GeV]

correlation between O and parton
distributions -smaller 0, harder quark s



& |
S 002 |-
— L /s = 30 GeV
® - \/_ N\ a

0.01

_ -
I—F'IT-+|-T_II—+.I-I._II-T-II‘-I-ITIIII|IIII|IIIII

N o 0~ 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150
o| mb |

The 30 GeV curve is result of the analysis (Baym et al 93) of the FNAL diffractive
pp and pd data which explains FNAL diffractive pA data (Frankfurt, Miller, MS

93-97).The 14 and 2TeV curves are my guess based on matching with fixed target

data and collider diffractive data.
26



Strength of the gluon field should depend on the size of the quark configurations - for small
configurations the field is strongly screened - gluon density much smaller than average.

Consider v, +p =V +X  for Q2> few GeV?2

In this limit the QCD factorization theorem (BFGMS03, CFS07) for these
processes is applicable

Expand initial proton state in a set of partonic states characterized by the
number of partons and their transverse positions, summarily labeled as |n)

|p> — Z an‘n>

Each configuration n has a definite gluon density G(x, Q?| n) given by the
expectation value of the twist--2 gluon operator in the state |n)

G(z,Q%) = 3,lanl*G(z,Q%n) = (G)



Making use of the completeness of partonic states, we find that the elastic(X = p)
and total diffractive (X arbitrary) cross sections are proportional to

(doa/dt)i—o o [3,lan?Glz, Q)] = (G)?

(doaa/dt)i—o < 3, lanl? [Glz,Q2n)]* = (G?).

Hence cross section of inelastic diffraction is Oinel — Odiff — Oe¢l
2 2
— W, = <G > _ <G> _ d07*+p—>VM+X dgv*+p—>VM+p
J (G)? dt dt 0




p-diss. / Elastic Ratio - vs. (Q?)

H1 p electroproduction (preliminary) H1 ¢ electroproduction (preliminary)
Q_ LI I L I L I L Q_ LI I L I L I L
I e H1 HERA-1 prel. T e H1 HERA-1 prel.
& 08 [ . e 08 [ =
© $ ©
~ ~
> 0.6 —i $ } B > 0.6 - —
Q <
1 $ I 1 i i }
‘3-_ 04 = ‘j: 04 - —
© ©
0.2 -W=75GeV n 0.2 - W=75GeV m
M, <5 GeV M, <5 GeV
0 | I | I | I L1 1 0 | I I L1 1 I I I | I |
0 10 20 30 40 0 5 10 15 20
Q? [GeV?] Q? [GeV?]

e p-diss. / elastic ratio independent of Q?
e Similar ratio within errors for p and ¢

No official numbers for t -slopes - educ. guess
Bel /Binel ~ 3 +4

= w,(Q° ~ few GeV?, 2 ~1073) ~ 0.15+ 0.2



Simple “scaling model”  based on two assumptions

At moderate energies +/s = 20 GeV the hadronic cross section of a configuration is
proportional to the transverse area occupied by the color charges in that configuration,

2

0 X Rconﬁg

the normalization scale of the Earton densit{ changes proportionally to the size of the

: 2 _
configuration
& fo X Rconﬁg X o (in the spirit of Close et al 83 - EMC effect model)

G(z,Q%o) = G(2,6Q%) Q7 = (0/<g>)0‘8(Q3)/%(Q2)

0.3

B e where Qf ~ 1 GeV?
0’ [GeV’]=3 — |

The dispersion of fluctuations of

the gluon density, Wy, as a function

of x for several values of QZ, as

obtained from the scaling model

Wa_ N i ng_: the model designed for small X < 0.01. There maybe

other effects which could contribute to Wg for large x

-1

x At the same time decrease of W, with Q? at x=const - generic effect

Gluon fluctuations have to be explored both theoretically and experimentally

including implications for LHC final states



BFKL (Balitski, Fadin,Kuraey, Lipatov) regime at HERA - fundamental question what
is the energy dependence of the cross section of interaction of two small dipole

LOBFKL: 0 ~5s® ,86~05-0.6

NLO BFKL: 0~0.2-0.25
large t =(py-pv)’ VM (p,J/,Y)
Y awvvwn= ‘:_%
HERA experiments ; OOTO000 S
reported agreement with gmg
LO BFKL g g J T
q,8S _ S Yp?

N

X B —t
T (St ME—m3)

The choice of large t ensures two important simplifications. First, the parton ladder mediating
quasielastic scattering is attached to the projectile via two gluons. Second is that attachment of the

ladder to two partons of the target is strongly suppressed. Also the transverse size « |/ \/ -t

dO—v—l—p—ﬂ/—l—X dO-'y—l—qua’r'k:—>V—|—qua'r'k: 31 ' 4
p— t (/ t /) t
dtdx dt 169])(377 ) —F;((]p(ilf, ) _|_Qp(x7 ))




Recent analysis of Zhalov et al 08

For HERA cut of Mx?/\VW? =const most of energy dependence from

gluon density - BKFL with & ~ 0.1 - 0.2 is consistent with the data; soft
Pomeron in this regime ® = -0.5 is clearly out

EIC as good as HERA in terms of W’ range with proper detector - can work
at much larger x ~ 0.2



Conclusions

Impressive progress in the studies of hard diffractive
processes at HERA. Success of QCD factorization theorems

for diffraction

Connection to soft dynamics revealed
Evidence for fluctuations of small x gluon field in nucleon

Higher precision - new questions

Key to further progress good instrumentation of the nucleon
fragmentation region. Missed opportunities at HERA
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—  Transverse distribution of gluons can be extracted from y+p — J/Y+N
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